The value of genetically-engineered crops is currently being debated in public and Gianessi and Carpenter ( 1999) state that it is imperative that the rationale for the use of these biotechnology crops be discussed. They suggest that farmers adopt and use crop protection technologies for several reasons: 1) it provides cost-effective solutions to pests that, ifleft uncontrolled, would lower yields; 2) the technology is used to control pests that are inadequately controlled with existing technologies; or 3) the technology is less expensive than current methods with equivalent control. The new technology may not be adopted, however, if it is not competitive with existing control methods. Others, however, view genetically-engineered crops as hazardous to the environment and suggest greater legislation with tighter restrictions or even the elimination ofthis technology (Rissler and Mellon 1996) . Additionally, recently published research on the impact of Bt com pollen on the survival of monarch butterfly larvae has further fueled questions on the perceived environmental risks of this biotechnology.
The damage potential of the European com borer, the use ofBt com as a pest management tool, farmers' perceptions of Bt com, and the perceived environmental risks necessitate a review of this biotechnology. This paper will address these issues. Parts 1 and 2 were written by Marlin E. Rice; Part 3 was written by Richard L. Hellmich, John Pleasants, and Wai-Ki F. Lam.
Part 1 -European Corn Borer and Bt Yields
The European com borer is one of the most damaging insect pests of field com in the United States with yield losses and control expenditures costing farmers more than 1 billion dollars annually (Mason et al. 1996) . Two generations of this insect usually occur throughout the Com Belt. A single first-generation larva tunneling in whorl-stage com can cause a 5-6% yield loss; a second-generation larva tunneling in blister or dough-stage com can cause a 2-3% yield loss (Bode and Calvin 1990) . Yield losses caused by second-generation borers in 18 insecticide trials over a 7-year period in Iowa ranged from 0.9-32.6 bushels per acre more than the untreated controls (Rice 1994a, b, c and unpublished data) ; 16 ofthe 18 fields (89%) had yield losses that exceeded 4 bushels per acre. The average yield loss caused by these second-generation borers was 9.3 bushels, but actual yield loss may have been greater than observed because insecticides rarely provide 1 00% control. Bt com is designed to prevent these devastating yield losses.
A variety ofBt hybrids expressing YieldGard® technology (genetic events Btll or MON810) were evaluated in Iowa during 1997-2000. Hybrids were evaluated at 14locations in 1997, 16 locations in 1998, 6 locations in 1999, and 1 location in 2000. Bt hybrids were evaluated against genetically similar, non-Bt commercial hybrids. All hybrids were replicated 3-5 times in largescale field plots 4-12 rows wide and 200-2,200 feet long. Yields were taken with a combine, adjusted to 15.5% moisture, and subjected to analysis of variance with the LSD=O.l. Ifthe Bt hybrid statistically yielded more than its genetically similar non-Bt hybrid, then it was considered to provide yield protection. If the Bt hybrid statistically yielded less than its non-Bt hybrid then it was considered to provide no yield protection.
During 1997-1999, YieldGard hybrids protected against yield loss caused by European com borers in 21.~0.3% of the hybrid comparisons (Table 1) . The average yield protection from these Bt hybrids ranged from 9.1-18.3 bushels per acre. A small number of Bt hybrid comparisons, 3.5-7.0%, resulted in no yield protection, i.e. a loss, of 5.5-14.2 bushels per acre. The single experiment conducted during 2000 produced a yield difference of 12.9 bushels more for the Bt com hybrid than the genetically similar non-Bt hybrid. Yield performance of Bt hybrids shows some variability and not all situations translate into yield protection. Several items are worth noting in interpreting these data. First, grain yield is a function of many genes and not all hybrids are created equal so performance differences may occur. Second, European com borer populations during the study were moderately large during 1997, but then declined to historically low densities during 1998 followed by small populations again in 1999. With very small populations of European com borers, fewer yield differences would be expected between Bt and non-Bt hybrids; the data from 1997 through 1999 show such a trend. Approximately four out of 10 Bt com farmers previously did nothing to minimize yield losses from European com borers although several pest management options were available. This may be a primary reason for their adoption of this biotechnology because it offers pest control where none had previously been used.
Before Bt com, 37% of the farmers had harvested their fields early in an attempt to prevent yield losses from dropped ears or broken stalks in heavily-infested fields. Unfortunately, this cultural method of control does nothing to prevent physiological damage from European com borer to the ear in the form of either reduced kernel number or reduced kernel size. Early harvest only prevents a bad situation from escalating by trying to capture ears with harvesting equipment before they fall to the ground.
Insecticides were used by about one-fourth of the Bt com farmers for controlling first generation larvae. Insecticides for control of second generation larvae were used less frequently with only one out of seven farmers using this pest management tactic.
Prior to the advent of Bt com, about one of four farmers attempted to control this insect with hybrids that expressed traditional forms of plant resistance. Many commercial com hybrids contain high concentrations of DIMBOA (Mason et al. 1996 ) that offer some protection against leaf feeding and stalk tunneling from first generation larvae but no protection against the second generation.
Question 3: Out of the five years (1991) (1992) (1993) (1994) (1995) Insecticide use in the six states was highly variable during the five years (1991) (1992) (1993) (1994) (1995) prior to the introduction of Bt corn. Nearly half ( 49.5%) of surveyed Nebraska farmers used an insecticide for control of first generation borers 3.4 out of 5 years. Iowa farmers were at the low end of insecticide usage with only 16.4% attempting to control first generation populations an average of 2.2 out of 5 years. Pennsylvania had a small sample size but these farmers used insecticides for control of first generation European corn borers nearly every year ( 4.5 out of 5 years). Control of second generation European corn borers with insecticides decreased in all states except Kansas. Nebraska farmers (37.1 %) sprayed an average of2.6 out of 5 years while a much smaller group of Pennsylvania farmers (2.9%) used pesticides an average of 2 out of 5 years. Kansas recorded the highest usage of insecticides against second generation European corn borers with 38.1% of farmers using chemicals 4 out of every 5 years. This higher usage in Kansas may reflect attempts to control both the European corn borer and southwestern corn borer with the same insecticide treatment.
Survey Question 4:
In (1996, 1997, or 1998) Bt com is being used to replace the management tools of early harvest, traditional "resistant" hybrids, and insecticides. Insecticide usage for European com borer has not increased but has shown a dramatic decline over a three-year period. A few farmers will continue to scout their non-Bt com acres and apply an insecticide only when necessary-a pest management tactic that has proven to be successful but not widely adopted by most farmers. For others, there is still the option of planting a Bt hybrid. However, technology fees, low market prices for com, perceived hazards to nontarget organisms such as monarchs, unpredictable European com borer populations, and potential import restrictions for the grain may make this option less palatable in coming years for some farmers.
Part 3 -Bt Corn Monarch Butterfly Update
A correspondence to Nature last year reported a preliminary laboratory study that suggested pollen from Bt com could be hazardous to the larvae of the monarch butterfly, Danaus plexippus. Losey et al. (1999) showed that young monarch larvae given no choice but to feed on milkweed, Asclepias syriaca, leaves dusted with heavy loads of pollen from a Bt com hybrid ate less, grew more slowly, and had a significantly higher mortality rate than larvae feeding on leaves dusted with nontransgenic pollen. Based on this study, the authors questioned the environmental safety of Bt com and called for scientific investigations. Mainstream media largely treated this preliminary information as if the question of potential impact on monarch populations by Bt com pollen had already been answered, long before the potential could be adequately addressed. Such media coverage have heightened public awareness and increased scrutiny of transgenic plants in terms cif potential environmental impact, but has also sometimes acted to generate unfounded fears as well as reasonable concern.
The com hybrids in question were genetically modified to express an insecticidal protein derived from the bacterium B. thuringiensis. Bt provides yield protection from pest species such as the European com borer, Ostrinia nubilalis, and some protection from other Lepidoptera (Pilcher et al. 1997 ) without the use of traditional insecticides or other management practices. Many growers and scientists have welcomed these hybrids because they offer an environmentally friendly alternative to traditional insecticides. Bt com hybrids were first planted on a large scale in the United States in 1996 and have quickly been adopted by growers. Nearly 25 million acres ofBt com were planted in 1999, representing approximately 30% oftotal production.
Registration and Risk Assessment
Plants that have been genetically modified for insect protection are registered by the Environmental Protection Agency (EPA) before being made commercially available. The registration process requires several tests to be conducted on these plants and the transgenic proteins that are expressed by these plants to assure there are no effects on mammals, birds, nontarget invertebrates (excluding insect relatives of targeted insects), and aquatic species.
The first batteries of tests are called Tier 1 tests. During Tier 1 testing organisms are fed 1 0 to 100 times the amount ofthe protein that they would likely encounter in nature. None ofthe Bt com varieties showed any effects on tested organisms. These results support previous research with natural B. thuringiensis that suggest the effecting proteins termed Bt Cry are highly specific to the European com borer moth and other corn pests.
But it is not surprising that relatives of the European com borer, that is other moths and butterflies, might be affected by Bt proteins. EPA did take that point into account when the Agency reviewed the Bt com data. Note that effect on related but nontarget species has not been a registration issue with chemical insecticides because these insecticides are not expected to be specific and generally impact all insects that are exposed to the chemicals. The toxicity of Bt proteins expressed by transgenic com to larval stages of butterflies and moths is well known (Macintosh et al. 1990 ). Many studies, particularly those conducted on the extensive use of Bt sprays in forests for gypsy moth control, have shown that Bt Cry proteins can adversely affect nontarget Lepidoptera (Miller 1990; Johnson et al. 1995) . But field data from these studies indicated only a temporary reduction in lepidopteran populations during prolonged Bt use, widespread irreversible harm was not apparent (Hall et al. 1999) . Based on such information, EPA made the assumption that B. thuringiensis is a hazard to all Lepidoptera, but that exposure from agricultural uses of Bt was not expected to be as high as in forest spraying. Bt corn was not expected to significantly impact nontarget butterflies and moths because of low exposure. 1
The question is not whether Bt corn has no impact on nontarget insects (no tolerance is an unreasonable expectation), but rather does Bt com have an unreasonable impact on nontarget insects. Science can be conducted to address the later question but not the former. Scientists cannot prove there will never be an impact in the future; science cannot ever conclusively prove a negative.
Research Overview
More than a year has passed since the initial concerns were expressed in the Nature correspondence. In response, several researchers have begun detailed studies to evaluate the effects of Bt pollen on monarch larvae. Primary among these is an informal consortium of Federal, university, and industry scientists, including environmental groups-brought together by USDA's Agricultural Research Service.
In These results will be referred to in general terms, since they are preliminary and still must be peer reviewed and published.
Risk assessment involves developing data about hazard identification, dose-response relationships, and exposure assessment. Consortium research has focused on the latter two. To formulate a quantitative risk assessment, the level of toxicity must first be determined. Generally dose-response studies are conducted to determine estimates of the LC50, or lethal concentration that kills 50% of tested insects. Dose-response relationships of four Bt proteins were conducted by Blair Siegfried (University ofNebraska) with monarch neonates (newly hatched larvae). Neonates were exposed for 7 days to purified Bt toxins incorporated into an artificial diet. All toxins currently available in Bt com (Cry1Ab, Cry1Ac, and Cry9C) and one under development (Cry1F) were tested. Results of these studies indicate that monarch larvae are highly sensitive to certain Bt toxins, while they are not affected by others. Monarch neonates were most sensitive to Cry1Ab and Cry1Ac. In contrast, Cry9C and Cry1F were considerably less toxic; therefore, risks associated with com plants expressing one or the other of these proteins are likely to be reduced compared to the risks posed by com expressing Cry1Ab and Cry1Ac proteins. The commercially available Cry1Ac event, DBT-418, and the Cry1Ab event 176 are in the process of being phased out, 2 and have received little further attention. Consequently, most of the exposure questions have focused on the Cry1Ab events: BT11 , and MON810.
Bioassay data suggest that for MON81 0 the pollen concentration below which there was no observable effect in monarch caterpillars is greater than 1,000 pollen grains per cm 2 ; and preliminary results for BTll suggest no effect level may be similar. Will monarch larvae frequently be exposed to levels of pollen higher than these? Several studies have been conducted to address this question, including looking at patterns of pollen deposition, monarch and corn pollen shed co-incidence, Bt and nonBt field comparisons, and mapping where monarch lay eggs. Data from these studies will be discussed at the workshop in Chicago November 16-17.
Summary
Possible risks that Bt com poses to nontarget insects, such as the monarch butterfly, must be reasonably balanced with the benefits of Bt com. High-quality research is necessary so that decisions can be based on sound science. The monarch issue has drawn attention to the need for effective communication of risk assessment, particularly to non-scientific audiences. The consortium of researchers, industry, and environmental advocacy groups that has been assembled to address concerns related to the monarch butterfly and Bt com represents an unparalleled level of cooperation and is indicative of the product stewardship that is essential for the full benefits of the technology to be realized.
